Abstract Two fission chambers with different amounts of fissile material (enriched 90% uranium-235) have been manufactured for neutron flux detection in a thermonuclear fusion device. The characteristics of neutron signal and its discrimination from other signals, and a plateau of high voltage between the anode and cathode have been validated in a thermal neutron source. The energy responses of the two fission chambers at seven energy levels have been calibrated in an accelerator fast neutron source and the results agree well with the simulations.
Introduction
The absolute measurement of neutron source strength is important for controlling fusion power in thermonuclear fusion devices, such as the ITER (international thermonuclear experimental reactor) [1, 2] . Neutron source strength has been measured using fission chambers in the joint European torus (JET), the tokamak fusion test reactor (TFTR), and JT-60U, and will be measured with fission chambers in the concept design for the ITER [3−6] . In the ITER, hightemperature plasma radiates a large amount of hard Xrays, γ-rays, and neutrons. A diagnostic system based on fission chamber detectors could reliably perform neutron flux measurements. A fission chamber is a gas counter with fissile material on the cathode, and mainly detects neutron-induced fission reactions, which release hundreds of MeV of energy -an order of magnitude bigger than hard X-ray or γ-ray energy. There are two types of reactions in a fission chamber. One is a fission reaction induced by a neutron that releases two or more fission fragments with ∼160 MeV of energy. These fission fragments fly into the working gas and ionize the gas atoms, resulting in a strong pulse signal. The other reaction is spontaneous decay of the fission material, releasing α, β, and γ-rays. Their energy is very low compared with fission fragments. Therefore, their signal can be easily discriminated [2, 7] .
Uranium-235 (U-235) and uranium-238 (U-238) are two types of fissile material. U-235 is sensitive to thermal and slow neutrons with large fission cross section. U-238 is only sensitive to fast neutrons with small fission cross section. Fusion neutrons, in a D-D or D-T reaction, are fast neutrons. It is only suitable for the U-238 fission cross section. One proposal for detecting neutrons is to use a U-238 fission chamber facing the plasma neutron source directly. In this situation, the detector will suffer high neutron irradiation intensity. The detector lifetime may be shortened. However, the ITER is a large radiation source, and needs to shield rigorously. Therefore, measurements may be affected by the changes in the surroundings or plasma shifts [2] . Another proposal for detecting neutrons is to use a U-235 fission chamber with a neutron moderator. In this case, the detector could be placed in the plasma surrounding with low neutron irradiation intensity. After on-site calibration, it can provide time evolution of the total neutron yield. The energy response of the fission chamber with a moderator is as flat as possible in the design [1] . Then these measurements are less affected by the change of the surroundings and plasma shifts, compared with the U-238 fission chamber.
A neutron flux monitor prototype based on a U-235 fission chamber was developed for ITER in 2004 [7] . It includes one fission chamber, one "dummy" chamber, and electronics. The fission chamber has good characteristic curves for the voltage and counting plateaus. It was installed on HL-2A for D-D fusion neutron flux monitoring [8, 9] . In this study, two fission chamber prototypes have been manufactured and the high bias plateau and the characteristics of pulse height have been tested. The energy responses were also measured, * supported by the National Magnetic Confinement Fusion Science Program of China (Nos. 2008GB109002 and 2012GB101003) which have not been reported in previous papers.
Experimental setup
To satisfy plasma diagnostic requirements, the system time resolution should be 1 ms or less. A type of fast preamplifier was developed for this purpose. The preamplifier output pulse has >20 mV amplitude, 400 ns full width, about 100 ns rising edge, as shown in Fig. 1 . It was assumed that the smallest time interval that can be discriminated for the preamplifier output pulse is 100 ns. The counting rate over a certain time interval was Poisson distribution. If there were more than one pulse in 100 ns, then they were treated as one pulse. This was called pile-up error, which increased as the counting rate increased. The statistical deviation decreased as the counting rate increased. The relationships between these two errors and the counting rate are shown in Fig. 2 . The working counting rate for the fission chamber with this preamplifier was from 110 kHz to 2.09 MHz at the 10% level. The two fission chambers were different in sensitivity because their cathodes were fixed with different amounts of U-235 as fissile material. The ratio of high/low sensitivity was about 100 in the design. First, fission chambers were tested in a thermal neutron source, where the output was the sum of neutrons, hard X-rays, γ-rays and spontaneous decay production rays. The pulse height distribution of the output was analyzed using a scaler, as shown in Fig. 3 . Pulses >0.6 V in height were considered as neutron signals, while those <0.6 V were considered as the other signals. The relationship between neutron counting output and the high voltage between the anode and the cathode was tested, as shown in Fig. 4 . The high voltage plateau range was from 300 V to 800 V, and the slope of plateau is <2%. Second, the energy responses of the two fission chambers were tested in an accelerator neutron source. The distance between the target and the fission chamber center was 1500 mm. Quasi-monoenergetic neutrons were radiated from the target by carefully adjusting the accelerator. However, the neutron laboratory was shielded by a concrete wall and scattering neutrons were also able to enter the fission chamber. In the experiment, the counting rates of fission chamber were measured for the cases with and without a cone-shaped shielding, which was made of neutron moderator and absorber and was placed between the target and the fission chamber. The fission chamber was surrounded by a polyethylene layer (5 cm thickness) as a moderator. The difference between the two normalized counting rates was considered as the energy response. Seven energy levels, 144 keV, 250 keV, 565 keV, 1.2 MeV, 2.5 MeV, 5 MeV, and 14.8 MeV, were achieved by adjusting the high voltage of the accelerator and changing the beam particle or target type.
Simulation
This experiment was simulated with a neutron translation code, MCNP. The MCNP model, which included the fission chamber, moderator, thermal neutron absorber layer, and shell, was shown in Fig. 5 . Minor parts of fission chamber, such as screws, were ignored. The fissile material was enriched U-235, which contained U-235 (90%) and U-238 (10%). n 235 was set as the number of U-235 atoms, n 238 as the number of U-238 atoms, N f as the fission rate of the fissile material, E as the energy, and ϕ(E) as the neutron fluence between E and E+ dE, and
In MCNP, the neutron fluence is obtained using a F4 tally card. The fission rate is obtained by multiplying the fission cross-section with the neutron fluence using a tally multiplier FM card. ϕ was set as the total neutron fluence when only fissile material was present. Then the energy response is expressed as:
Neutron source was treated as a point source, placed at the position of target. Neutron energy was set at the 7 levels listed above. Nuclear data of the neutron aluminum reaction was selected from the CENFL-2.1, and that of the neutron cadmium reaction was selected from the ENDF/B-6. Nuclear data of neutrons and other nuclides in the ENDF/B-7 was used in the MCNP. The solid angle of the fission chamber to neutron source was very small; therefore, neutrons entering the fission chamber were little. Furthermore, the volume of fissile material was tiny. This resulted in a much lower fission rate. Source bias and force collision variance reduction techniques were used in the simulation to improve computing speed and reduce the deviation.
Results
Experimental and simulated energy responses are shown in Fig. 6 for the high and the low sensitivity fission chambers. All experimental energy response values from the high sensitivity fission chamber are lower than the simulated ones. It can be inferred to be a result of the following two factors. First, the mass of the fissile material in the high sensitivity fission chamber is less than that in the design. Second, the fissile material layer is so thick that some fissile fragments are shielded by the fissile material itself. All experimental energy response values from the low sensitivity fission chamber are higher than the simulated values. It is considered that the mass of fissile material in the low sensitivity fission chamber is more than the designed mass. All energy response curves, in both the experiment and the simulation, show a similar trend. This demonstrates that the experimental results are reliable with a good accuracy, and that the energy response is roughly flat from 0.1 MeV to 14.8 MeV. Fig. 7 shows the correlation between the energy responses of the two fission chambers. The linear fit result shows that the ratio of two fission chamber sensitivities is 24. Two fission chambers and fast electronics have been designed, manufactured and investigated. The parameters of the detectors with fast electronics are as follows: working counting rate is from 110 kHz to 2.09 MHz within 10% deviation in 1 ms, the high voltage plateau between anode and cathode is from 300 V to 800 V, and the threshold of neutron pulse height is 0.6 V. The energy responses of the two fission chambers have been measured from 0.1 MeV to 14.8 MeV, and the sensitivity ratio of the two fission chambers is 24. The detectors with fast electronics can provide a neutron flux measurement with a roughly flat energy response, good γ rays and hard X-ray resistance. If the detectors are placed at a suitable location after careful design for the ITER, they can provide reliable measurements of the local neutron flux, as well as the total neutron yield and fusion power based on on-site calibration. These experimental results will support the design and optimization of a neutron flux diagnostic system for the ITER.
